Cell division in Escherichia coli K-12 is usually an orderly process. The rod-shaped bacteria grow by extending themselves along the long axis. A central constriction of the cell wall and membrane marks the beginning of fission, and, when division is completed, two daughter cells of approximately the same size as the parent cell are produced. However, this orderly correlation of cell division and cell growth is severly distorted in several mutant strains of E. coli (3, 9, 11, 14, 18) . One mutation found in both E. coli K-12 (4, 10) and E. coli B (7) involves the Ion locus. When lon-mutants are subjected to small doses of radiation, they produce long nonseptate filaments incapable of division.
Adler et al. (5) have described a recombinant of E. coli K-12 which combines the lon-mutation with the mon-mutation, a presumed cellwall defect. When they are irradiated with ultraviolet (UV) or X radiation, these double mutants produce large, amorphous giant cells with 500 to 1,000 times the normal cell volume. In previous experiments (5), giant cells have been grown on a rich agar surface after irradiation; however, it is important that they be grown in liquid medium to obtain quantitative and reproducible results in a variety of studies. The purpose of this report is to define optimal conditions for the growth of giant cells in liquid medium and to study the effects of these two mutations on the morphology of E. coli cells.
MATERIALS AND METHODS
Organism. The organisms used in these experiments and their properties are listed in Table 1 . Strain P678-7 is a radiation-resistant mutant that was isolated from the rod-shaped P678 after treatment with triethylene melamine; an interesting feature of the mutant is that cells appear in a variety of shapes, most commonly spherical. This property is thought to represent a defect in the cell wall and is attributed to the unmapped mon mutation(s) (5) . Strain P678-A4 is the giant cell-producing strain, which incorporates the lon-mutation from 3.300-M6 into the mon-strain of P678-7.
Growth of cells. Cells were grown in 10 ml of liquid culture in 50-ml Delong culture flasks on a gyrotory water-bath shaker at 37 C with moderate agitation.
Media. Minimal media used were tris(hydroxymethyl)aminomethane (Tris) medium (8) , M-9 medium (1), and Vogel and Bonner medium E (22) , supplemented with the growth requirements of the organism or with 1 % final concentration Casamino Acids (Difco). L-broth (15) and nutrient broth (2) were used as complex media.
A rich broth medium containing 35 g of nutrient broth (Difco), 4 g of yeast extract (Difco), and 0 to 30 g of NaCI (see below) dissolved in 900 ml of sterile water was completed by adding 100 ml of sterile 0.2 M potassium phosphate buffer (39 ml of 0.2 M KH2PO4 plus 61 ml of 0.2 M K2HPO4), pH 7.0. This medium was devised in this study by varying, one at a time, the ingredients of nutrient broth medium to obtain the largest giant cells.
Irradiation of cells. UV irradiation was accomplished by using a General Electric germicidal lamp emitting primarily at 254 nm. The output of the UV E. COLI GIANT CELLS source was 6.66 ergs per mm2 per sec as measured by a Jagger meter (12) after the lamp had warmed for I hr. Cells were collected by centrifugation and suspended in phosphate buffer at 2 x 108 cells/ml. A 10-ml sample of the cell suspension was then placed in a sterile 5-cm Pyrex glass petri dish and agitated with a Teflon magnetic stir bar. In most experiments, the cells were irradiated with a 30-sec (200 ergs per mm2) dose from the prewarmed UV source.
Electron microscopy. Exponential cultures were grown in M-9 plus thi plus 1% Casamino Acids to 2 x 108 cells/ml, suspended in phosphate buffer, and irradiated with 200 ergs of UV per mm2 as described. A 1-ml sample of irradiated cells was used as the inoculum for 20 ml of rich broth medium in each 50-ml culture flask. A series of flasks was inoculated at time zero and placed in a shaker bath at 37 C, and samples were taken at 0, 30, 60, 90, 120, 150, 180, 240, and 300 min by pipetting 9 ml of a flask's contents into I ml of fixative. Fixation was completed by the Ryter-Kellenberger method (13) . Specimens were dehydrated in ethanol at room temperature and embedded in Epon by the method of Luft (16) .
The polymerized Epon blocks were sectioned with a Porter-Blum MT-2 ultramicrotome by using a diamond knife. Sections were stained for I hr by placing them, section side down, on drops of 2% uranyl acetate in water. After rinsing in water, the grids were further stained for 5 min with lead citrate (19) . A Siemens Elmiskop I electron microscope was used.
RESULTS
Selection of a liquid medium. The liquid medium in which large numbers of giant cells could be obtained was selected in the following way. Irradiated cells were incubated in the medium to be tested and periodically examined in a Reichert Zetophan light microscope (with a micrometer ocular included) to give an estimate of size. Cells grown in L-broth and nutrient broth were large, but they tended to be elongate instead of spherical. A curious phenomenon was observed with both M-9 and Tris media supplemented with the growth requirements of the organism or with Casamino Acids. A large blister or vacuole formed on the surface of the cell 90 min after irradiation and grew at a rate greater than that of the cytoplasm. At later times, cells seemed to have formed a halo, with the cytoplasm forced to one side or the cell.
Nutrient broth medium was selected for further studies, and variations in the concentrations of the ingredients were tested for their effects on the shape and size of the giant cells. The devised medium which resulted from these studies and which produced the largest giant cells was termed rich broth. The effects of various additives to the rich broth on shape and final size were then studied. The additives tried were agar, glycerin, methocel, Ficoll, sucrose, and NaCl.
The cultures were examined periodically in the light microscope, and all but NaCl showed little or no effect. However, the NaCl concentration produced a marked effect on giant cell morphology. Elongation was produced by NaCl concentrations from 0 to 0.8%, whereas a 1: 1 ratio of elongated to round cells was found from 0.8 to 1.6%; 3.2% NaCl completely inhibited growth. A concentration of 1% NaCI in the medium gave the highest fraction of large, round giant cells. Thus, rich broth medium with a 1% NaCI concentration was adopted for morphological studies.
Growth was measured spectrophotometrically in a Beckman model B spectrophotometer at 600 nm. In rich broth, the generation time for nonirradiated cells was 28 min at 1 % NaCl concentration and 25 min at 0.2% NaCI. The typical growth pattern of an irradiated culture can be seen in Fig. 1 . Initially the mass increase is exponential, reaching a maximum at the equivalent of 5.5 generations of the nonirradiated control. Finally lysis begins and there is a decline in absorbance.
Morphology of giant cells. The morphological development of the giant cell-producing strain P678-A4 was studied all the way from nonirradiated cells capable of division to irradiated giant cells just prior to lysis. Light microscopy revealed that, unlike normal rod-shaped E. coli K-12, these cells were most often round before irradiation. However, a variety of other shapes were also present, suggesting that the cells do not have a rigid cell wall. Cell septation usually occurred from both sides of the cell and division was usually equatorial, resulting in two daughter cells of equal size. However, frequent examples of nonequatorial division and asymmetrical septation were observed. These abnormalities of division have been confirmed by using the electron microscope ( Fig. 2 and 3) .
Thin-section electron microscopy revealed two morphological types in the culture (Fig. 2) . In one type (smooth), the cells are normal in appearance except for shape; the cell membrane (Fig. 5) .
At 180 min, the cells have increased further in size. Approximately 50% of the cells are spherical in shape; although a variety of other shapes are present. An example of a cell which has not kept the spherical morphology is shown in Fig. 6 . 0o
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DISCUSSION
Rich broth medium was chosen for studies on the morphology of giant cells. In this medium supplemented with 1 % NaCl, the irradiated cells attained volumes up to 500 times larger than normal and were spherical in shape.
The morphological changes observed in irradiated P678-A4 mediated by different NaCI concentrations (Fig. 7) are as yet unexplained. Per of vesicles and whorls of "extra membrane" that in some cases occupy two-thirds of the cell volume. Hirota, Ryter, and Jacob (9) have described a thermosensitive mutant of E. coli K-12, CRT 257, which accumulates membrane structures within the cytoplasm after cessation of cell division. And Fischman and Weinbaum (6) have found that E. coli B subjected to a rich medium forms nonseptate filaments containing extra membranes within the cytoplasm.
Giant cells have features in common with thermosensitive mutants and with the E. coli B mutant. All accumulate extensive quantities of intracytoplasmic membranes which are, unlike the mesosomes of E. coli, readily seen in the electron microscope, and all are in some way defective in the cell division mechanism.
Evidence that the plasma membrane of giant cells does invaginate into the cytoplasm has been presented ( Fig. 13) . If the intracytoplasmic membranes are produced by invaginations of the plasma membrane, any section through a structure that is bordered by a continuous membrane, such as a vacuole ( Fig. 9 and 10 ) or a vesicle ( Fig. 9 and 12 ), should be devoid of cytoplasmic elements, i.e., ribosomes. This was found to be the case in all giant cell sections examined. However, the possibility that complicated membrane systems arise from de novo membrane synthesis within the cytoplasm cannot be ruled out unless a direct continuity between the intracytoplasmic membrane system and the plasma membrane of the cell is established. At the present time this effort is being undertaken through the study of serial sections of giant cells.
